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Abstract: Our paper presents a remote sensing workflow for identifying modern activities that
threaten archaeological sites, developed as part of the work of the Endangered Archaeology of the
Middle East and North Africa (EAMENA) project. We use open-source Sentinel-2 satellite imagery
and the free tool Google Earth Engine to run a per-pixel change detection to make the methods and
data as accessible as possible for heritage professionals. We apply this and perform validation at two
case studies, the Aswan and Kom-Ombo area in Egypt, and the Jufra oases in Libya, with an overall
accuracy of the results ranging from 85–91%. Human activities, such as construction, agriculture,
rubbish dumping and natural processes were successfully detected at archaeological sites by the
algorithm, allowing these sites to be prioritised for recording. A few instances of change too small
to be detected by Sentinel-2 were missed, and false positives were caused by registration errors,
shadow and movements of sand. This paper shows that the expansion of agricultural and urban
areas particularly threatens the survival of archaeological sites, but our extensive online database of
archaeological sites and programme of training courses places us in a unique position to make our
methods widely available.
Keywords: archaeology; change detection; North Africa; Libya; Egypt; Google Earth Engine

1. Introduction
This paper presents a remote sensing workflow for identifying landscape changes that threaten
archaeological sites. The workflow has been developed as part of the work of the Endangered
Archaeology of the Middle East and North Africa (EAMENA) project. We identify, document, and
monitor archaeological sites across the MENA region, using a combination of remote sensing and
fieldwork methodologies. EAMENA also works to support local heritage agencies and professionals
in the region to develop strategies for heritage protection [1,2]. We use a standardised approach to
recording and make data available in an open-access database using the Arches platform [3–5]. We are
particularly concerned with promoting the use of open-source satellite data and technologies to make
this methodology as accessible as possible, rather than higher-resolution data which is prohibitive in
terms of cost and political sanctions.
In this paper, we demonstrate the results of applying a bespoke change detection workflow
using Google Earth Engine to two case studies (Figure 1); the Aswan and Kom-Ombo area in Egypt
(collaborating with the Aswan-Kom Ombo Archaeological Project, AKAP, directed by Maria Gatto and
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Given that it allows rapid recording via a bird’s eye perspective, remote sensing has been an
Given that it allows rapid recording via a bird’s eye perspective, remote sensing has been an
important part of archaeology in North Africa for several decades, although modern high-resolution
important part of archaeology in North Africa for several decades, although modern high-resolution
imagery is underutilised [6]. Davis and Douglass’ recent review paper [7] (p. 11 Figure 1) describes
imagery is underutilised [6]. Davis and Douglass’ recent review paper [7] (p. 11 Figure 1) describes
this trajectory in detail and maps the geographical range of these studies. Tapete and Cigna’s review
this trajectory in detail and maps the geographical range of these studies. Tapete and Cigna’s review
shows the recent expansion of scientific literature discussing satellite imagery for looting detection [8].
shows the recent expansion of scientific literature discussing satellite imagery for looting detection
This activity has its roots in historical aerial photographs, which enabled early remote identification
[8]. This activity has its roots in historical aerial photographs, which enabled early remote
of sites, including the work along the Nile by Crawford [9] (1953). In the 1950s and 1960s, colonial
identification of sites, including the work along the Nile by Crawford [9] (1953). In the 1950s and
regimes instigated national mapping programs using aerial photography that covered most of the
1960s, colonial regimes instigated national mapping programs using aerial photography that covered
inhabited regions of North Africa. This wealth of imagery has continued to be used by archaeologists
most of the inhabited regions of North Africa. This wealth of imagery has continued to be used by
up to the present day (see the work in Fazzan in Libya [10,11]).
archaeologists up to the present day (see the work in Fazzan in Libya [10,11]).
In the twenty-first century, commercial high-resolution imagery has allowed detailed recording
In the twenty-first century, commercial high-resolution imagery has allowed detailed recording
(spatial resolution of 0.3–0.5), but it is very expensive. Some archaeological projects have used it
(spatial resolution of 0.3–0.5), but it is very expensive. Some archaeological projects have used it for
for recording damage, whether by image interpretation [12] or automation [13]. Due to EU and
recording damage, whether by image interpretation [12] or automation [13]. Due to EU and US
US embargos, licenses for this kind of imagery often cannot be obtained for use in the Middle
embargos, licenses for this kind of imagery often cannot be obtained for use in the Middle East and
East and North Africa [14]. Given these political restrictions, as well as the high cost, it does
North Africa [14]. Given these political restrictions, as well as the high cost, it does not represent a
not represent a good solution for widespread change detection. Due to these problems many
good solution for widespread change detection. Due to these problems many archaeologists take
archaeologists take advantage of the high-resolution imagery available in a limited form for free via
advantage of the high-resolution imagery available in a limited form for free via Google Earth, Google
Google Earth, Google imagery imported into QGIS etc.; however, this is provided stripped of its
imagery imported into QGIS etc.; however, this is provided stripped of its original radiometric
original radiometric information. Google Earth has been used extensively by EAMENA, AKAP and
information. Google Earth has been used extensively by EAMENA, AKAP and Trans-SAHARA for
Trans-SAHARA for image interpretation [2,15] as well by as other projects working in the region [16].
image interpretation [2,15] as well by as other projects working in the region [16].
Moreover, the high-resolution imagery does not offer the same repeat-viewing perspective of
Moreover, the high-resolution imagery does not offer the same repeat-viewing perspective of
other free satellite data of lower resolution, such as Sentinel and Landsat. Archaeologists have used
other free satellite data of lower resolution, such as Sentinel and Landsat. Archaeologists have used
Landsat since its early days as a source of overview information about landscapes in North Africa [17].
Landsat since its early days as a source of overview information about landscapes in North Africa
Despite its lower resolution, several recent projects have used this kind of imagery to successfully assess
[17]. Despite its lower resolution, several recent projects have used this kind of imagery to
changes at archaeological sites [18,19]. The EAMENA project has already demonstrated the potential
successfully assess changes at archaeological sites [18,19]. The EAMENA project has already
demonstrated the potential of this for our huge study region [1,20]. Most studies, whether using highor medium-resolution imagery, are confined to drawing attention to problems at single, well-known
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of this for our huge study region [1,20]. Most studies, whether using high- or medium-resolution
imagery, are confined to drawing attention to problems at single, well-known sites and offer no
solution for how remote sensing and automated approaches could protect sites. Bowen et al. [13] apply
partially supervised classification algorithms to detecting change using high-resolution imagery of
the pyramids in Egypt and propose that this could be valuable to archaeologists, but do not offer any
concrete solutions for its widespread use in the country. EAMENA’s unique database of over 170,000
sites and network of trained heritage professionals offers an unprecedented opportunity to address
this challenge.
In this paper, we apply our methodology to a case study in Egypt with the AKAP project. EAMENA
team members Rayne and Sheldrick collaborated with AKAP on two field seasons (in November
2018 and January 2020), particularly focusing on recording the condition of sites and validating the
initial results of change detection using remote sensing. Since 2005 AKAP has worked in selected
areas north of the modern city of Aswan, both along the Nile and in the desert hinterland, recording a
variety of sites dating from the Palaeolithic to the pre-modern era, and consisting of isolated finds,
scatters, towns, temples, cemeteries, quarries, and rock art. The area corresponds to the region of the
First Nile Cataract, an important crossroads in Northeastern Africa that for long periods marked the
border between ancient Egypt and Nubia. Archaeological sites in the region are threatened by land
reclamation, quarrying, and urban development, including the construction of a new city (New Aswan)
on the west bank north of Aswan.
Our second case study for this paper is the Jufra area of Libya. EAMENA and Dr Muftah
al-Haddad collaborated with the Trans-SAHARA project on the Jufra case study. The Trans-SAHARA
project has recorded sites across a vast area of Saharan Africa and its periphery [21]. In 2013 al-Haddad
undertook field survey to collect dating material, and Rayne and Sterry subsequently digitised the
archaeological sites using satellite imagery. Rayne and Abdulaati have most recently worked on change
detection applied to these sites.
Jufra consists of three Saharan oases in central Libya: Sukna, Hun, and Waddan. Each has an
urban centre and a large area of irrigated oasis gardens of cereals and cultivated palms. Jufra has some
of the earliest evidence for agriculture in the Central Sahara with two areas of foggaras (subterranean
ground-water transporting channels) and associated settlements to the south of Hun and Waddan [15]
(130–137). These probably date to the early first millennium AD (if not earlier). Slightly later in
date are four nucleated settlements of densely packed rectilinear structures that sit within large and
extensive field systems. Radiocarbon dating of material from the walls of these settlements suggest
they date to the early medieval period and the expansion of trans-Saharan trade (seventh to ninth
centuries AD) [15], but Roman pottery observed during a field survey in 2013 from at least one of these
suggests an earlier origin. To the north of Hun is a late medieval walled town with a mosque and an
attached cemetery. Finally, the most recent sites are the former towns of Sukna, Hun, and Waddan.
The agricultural areas of this last phase are still detectable in modern land divisions and remained
largely the same up until the 1970s.
2. Materials and Methods
2.1. Datasets
The change detection analysis and validation were performed on point data representing
archaeological sites from the EAMENA database [4]. Verifiable users can obtain a registration
for the database to access the exact location of the sites. The sites are named according to codes
assigned during their initial identification, either through remote recording or field survey. For example,
prefixed with ‘EAMENA’ for remote recording (Jufra), and with location-related codes for the AKAP
field-identified sites, e.g. ‘WT’. Satellite imagery accessed through the Google Earth Engine catalogue
was used to perform and validate the script (Table 1). For the change detection, we selected the Sentinel-2
L2A product (available back to 2017) which is provided already corrected to surface reflectance using
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the Dense Dark Vegetation algorithm (DDV) and Atmospheric Pre-corrected Differential Absorption
(APDA) algorithm [22].
Table 1. Satellite imagery used in this study.
Sensor

Date Range

Cost

Temporal
Resolution

Spatial
Resolution (m)

Radiometric
Resolution (µm)

Sentinel-2 (L2A)

Since 2017

Free

5 days

10, 20, 60

0.493–1.374

PlanetScope

Since 2016

Limited free use

Daily

3.7

0.455–0.860

VHR via Google
Earth and QGIS

Since c.2003

Free

Varies, can be
very limited

Various between
c. 0.30–1 m

Unavailable

PlanetScope imagery offers exciting possibilities for regular monitoring of sites, but has not yet
attracted significant attention in the archaeological remote sensing literature; few projects have adopted
it. For example, Davis and Douglass’ recent review [7] neglects to mention it. It is not completely
open-source, however a free license for a limited quantity of data per month is available for many types
of stakeholder. With over 130 small satellites in the constellation, it is possible to obtain near-daily
imagery for most locations at a resolution of c. 3.5–3.9 m (depending on how close to nadir the imaged
location is). We have used it to verify specific instances of change detected from the Sentinel-2 imagery.
High-resolution imagery via free sources, such as Google Earth, has been used extensively by the
EAMENA project [2]. It comprises imagery from commercial sensors, such as WorldView (resolution
as high as 0.3 m in the panchromatic) and Pleiades (0.5 m). This has allowed rapid image interpretation
comprising an identification of new sites and recording of known ones. In some cases, there is
sufficient imagery on the Google Earth Pro platform to also identify changes, or validate changes
detected by the change algorithm. Google and Bing imagery can also be obtained as a tile layer
within QGIS. Unfortunately, it is not possible to query the original spectral properties of the free
high-resolution imagery so it cannot be used for automated change detection, and purchasing the
original data to do so is very expensive. We used only open-source satellite imagery because with
prices of high-resolution data at £10 per km2 , or higher commercial imagery is prohibitively costly for
monitoring archaeological sites. We are committed to making our workflows and data as available as
possible to heritage professionals.
2.2. Change Detection
This project has developed an initial version of an automated workflow that uses free satellite data
and high-performance computing power to monitor land-use changes around the archaeological sites
recorded by EAMENA (Figure 2). This is applied to very recent and ongoing datasets, to alert heritage
professionals to urgent threats to sites in their region, such as agricultural expansion and construction
happening nearby. Google Earth Engine is used because it supplies regularly updated free satellite
imagery and high-performance computing. This is a cloud-based platform freely accessible through
the internet, which offers a code editor allowing access to a vast catalogue of open-source satellite
image data (including Landsat and Sentinel imagery) [23]. Users’ own assets (for example, sites from
the EAMENA database, or other imagery, such as PlanetScope) can be uploaded and processed within
the platform.
The EAMENA workflow (Figure 2) comprises computing change between composite Sentinel-2
(Level 2A, surface-reflectance) satellite images using Google Earth Engine. Including other satellite
data could improve the sophistication of future incarnations of our workflow, but at present, using
just one sensor limits issues caused by radiometric and resolution differences [24]. We use a bespoke
script (written in the JavaScript programming language) which the user can easily modify according to
their needs (see Supplementary Material for code, archaeological sites not included). The user uploads
site points (for example from the EAMENA database) which they want to monitor. They define date
ranges and an area of interest. The date selection relies on a function which takes the user-defined date,
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a unit of change (an integer) and a unit of time (e.g., year). The unit of change is applied to count from
the defined date based on the unit of time. For example, if the user selects the date 01-01-2018, the unit
of change as −1 and the unit of time as a year, the function will select the time range 01-01-2017 to
01-01-2018. This will be applied to both the earlier and later dates selected by the user. Given this,
the user could request changes between two different years to be compared, or two different months or
days (from the same or different years). For Aswan, the periods of the start of October 2018–to the end
of December 2019 and the start of October 2019–the end of December 2019 were compared. For Jufra,
the March–May period for 2019 and 2020 were compared.
The Sentinel-2 imagery is split into two collections according to the date function, one representing
the later date the user defined and another representing the earlier date they wanted to compare it to.
Each collection is then filtered according to the area of interest the user defined and to limit cloud
percentage to less than 10%, based on the imagery metadata. Pixels which pass the requirements
will be retained in the collection. A cloud mask is applied using a quality assessment band provided
by ESA with the data and takes into account dense cloud (high reflectance in blue) and cirrus (high
reflectance in a cloud screening band, low reflectance in the blue band, see Reference [25]).
The composites are made by calculating the median values of each pixel (in all bands) in
the collections. This uses the Google Earth Engine function ‘reducer’ to perform the compositing
from the images in the collection, generating a single output image. We chose to use this method
of preparing the imagery for analysis because using the median value reduces the effects of cloud
(high values) and shadow (low values), and the resulting outputs are seamless mosaics appropriate for
visualisation purposes required by a variety of users from the heritage community.
The algorithm then uses a per-pixel, layer arithmetic change detection algorithm which computes
the amount of difference in reflectance values between the composites, across all bands at each pixel i.
This method was selected because it is simple, unsupervised and fast to use and to understand for
a variety of stakeholders, enabling them to modify the code to meet their needs. It does not require
the preparation of training data. It is a well-established method in remote sensing studies of change
using medium-resolution data [24,26]. The Google Earth Engine script sums the difference between
each spectral band of the satellite image composites and generates a new ‘change’ layer, with values
between 0 and 1;
√P
{ I (image1i − image2i)2 }
(1)
The user must then decide on a threshold value above which to retain information about the change,
based on a manual examination of the values present in the change layer. The user also defines the
radius of a buffer area around each site point in which to append the information from the change
layer, and the scale. We used relatively ‘sensitive’ settings, taking into account even a single pixel,
‘any non-zero’ where change had been detected (see Table 2).
Using Google Earth Engine, huge collections of data can be processed. Downloading this imagery
separately is time-consuming and processing it requires access to expensive software licenses and
high-performance computing power out of reach of most archaeologists within the MENA region.
Given this, Google Earth Engine is increasingly being used for archaeological research, including by
EAMENA [1]. Other research has focused on using it for detection of sites and landscape features [27,28],
with its potential for heritage management first raised by Agapiou [18]. There are limitations to Google
Earth Engine, including restrictions on asset and download sizes, but at present, it offers the best option
for heritage professionals to access data and analysis-power for change detection in a standardised
and open-source way.
EAMENA is the only project to utilise Google Earth and Google Earth Engine to actively protect
a wide-ranging, cross-regional dataset comprising sites of all types and periods. This is facilitated
through our network of cultural heritage professionals from Libya and Tunisia who attended EAMENA
CPF-funded courses during 2017–2020 [29] and who have been trained in the use of Google Earth
Engine. Planned future courses will continue to develop this in line with updates to our workflow.
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Figure 2. Change detection workflow using Google Earth Engine.
Table 2. Parameters of change detection.
Table 2. Parameters of change detection.
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Date Earlier
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Threshold ValueReducer
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Buffer
InputPoints Change
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October–DecemberLater
2018 October–December
2019
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Study Aswan
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Aswan JufraOctober–
October–March–May 2020
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279 15
73
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December
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2018and Field Condition
2019
Jufra
March–May
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0.2 methodology
Any non10 information
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EAMENA
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recording
that allows
site and its 15
2019
May
2020
zero
condition to be recorded in the field and later entered directly into our open-source, online database [1].

Using Google Earth Engine, huge collections of data can be processed. Downloading this
imagery separately is time-consuming and processing it requires access to expensive software
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This standardisation makes data comparable, both with other database records, but also with the
results of the change detection workflow.
The results of the change detection were checked by comparing the Sentinel-2 composites manually
with the change layer at each buffer and by checking Google Earth imagery from corresponding
dates (see Table 2). In some cases, where there was no corresponding Google Earth imagery, we used
PlanetScope imagery. An error matrix was prepared for each study area, allowing the proportions of
false positives and missed instances of change to be quantified [30].
We visited a sample of the sites in the field in both Egypt and Libya in 2020 to validate the
automated approach and adjusted the error matrices accordingly. Sites were selected for validation
based on their accessibility and the urgency of their condition; for example, several sites in the Aswan
area were in the process of being destroyed, due to construction work, but this work also meant that
we could not get close enough to some sites. Validation fieldwork in the Aswan area was undertaken
in January–February 2020 in collaboration with the AKAP project and local antiquities inspectors.
In Libya, field validation was more limited, due to the Covid-19 pandemic, but a sample of sites was
visited by EAMENA partner and controller of archaeology in the south of Libya, Lamin Abdulaati in
June–July 2020.
3. Results
3.1. Aswan and Kom Ombo
The algorithm highlighted 73 of 279 sites in the Aswan and Kom Ombo area as having change
within the buffered area, with an overall accuracy of 85% (Figure 3). Some of the sites had already been
destroyed prior to the analysis period, although remaining subsurface material cannot be ruled out.
A range of modern activities was represented, especially planned urban expansion, unplanned smaller
scale construction, agricultural changes, and bulldozing. Table 3 shows the results of validating
the data. The graph (Figure 4) shows the distribution of the mean pre-thresholded values for each
buffer. The unaffected sites tend to have low mean change values, under 0.1. Some of the true positives
are also under or close to 0.1 because the ‘any non zero’ parameter allows even small instances of
change represented by a single pixel to be picked up. The graph also shows that the false positives
were incorrectly labelled as changed due to relatively high values in the original change layer, while the
false negatives had low values even though the change could be identified by examining other imagery
and during fieldwork.
Table 3. Error matrix of the Aswan-Kom Ombo results, with an overall accuracy of 85% (user’s accuracy
61%, producer’s accuracy 78%).
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Figure 5. Changes at WK40 and WK41 visible in the Sentinel-2 composites. By 2019, the trackway had
been extended and additional spoil had been dumped.
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Figure 6. WK40.The blue region represents the detected changed area within the buffered zone.
Figure 6. WK40.The blue region represents the detected changed area within the buffered zone. The
The direction of the photograph is arrowed. The photograph (January 2020) shows the track and piles
direction of the photograph is arrowed. The photograph (January 2020) shows the track and piles of
of spoil at WK40. The construction of the track destroyed the site. ‘New Aswan’ is in the background.
spoil at WK40. The construction of the track destroyed the site. ‘New Aswan’ is in the background.
Google image 2020 imported as an xyz tile to QGIS.
Google image 2020 imported as an xyz tile to QGIS.

Smaller-scale, localised, but equally damaging changes away from the ‘New Aswan’ project were
Smaller-scale, localised, but equally damaging changes away from the ‘New Aswan’ project
also identified by the script and included construction and quarrying. At the lithic scatter site of WK32
were also identified by the script and included construction and quarrying. At the lithic scatter site
(Figure 9), the algorithm detected recent digging of pits, spoil heaps, and the construction of a small
of WK32 (Figure 9), the algorithm detected recent digging of pits, spoil heaps, and the construction
agricultural building.
of a small agricultural building.
Another example of the local activity causing change can be seen at two sites in the Wadi el-Tawil.
Another example of the local activity causing change can be seen at two sites in the Wadi elThe algorithm found that WT1, a second millennium BC cemetery of Nubian nomads, is threatened by the
Tawil. The algorithm found that WT1, a second millennium BC cemetery of Nubian nomads, is
expansion of a modern cemetery which comprises burials, planting, and a trackway (see Figures 10 and 11).
threatened by the expansion of a modern cemetery which comprises burials, planting, and a trackway
Given the potential archaeological significance of this site, these rapid changes make it’s recording an
(see Figures 10 and 11). Given the potential archaeological significance of this site, these rapid
urgent priority before it is destroyed. Across the other side of the wadi at a rock art panel (WT7) the
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changes make it’s recording an urgent priority before it is destroyed. Across the other side of the
algorithm identified that a large pit was excavated, with spoil heaps surrounding it. This may have
wadi at a rock art panel (WT7) the algorithm identified that a large pit was excavated, with spoil
been dug for clay extraction.
heaps surrounding it. This may have been dug for clay extraction.

Figure 7. A new track and piles of spoil close to a rocky outcrop where WK41 is located. The direction of
Figure 7. A new track and piles of spoil close to a rocky outcrop where WK41 is located. The direction
the photograph arrowed. Google image 2020 imported as an xyz tile to QGIS. Photograph January 2020.
of the photograph arrowed. Google image 2020 imported as an xyz tile to QGIS. Photograph January
2020.

Examination of daily 3 m resolution imagery from PlanetScope satellites allows the specific
periods in which the change occurred to be narrowed down (in this case between December 2018
and January 2020, Figure 11). Because these kinds of changes are not part of a larger-scale, planned
construction project like ‘New Aswan’, they are harder to predict. In such cases, the value of using
automated remote sensing processes is clear.
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Figure 9. Bulldozing to create a pit and surrounding spoil. The changed area within buffered zone of
Figure 9. Bulldozing to create a pit and surrounding spoil. The changed area within buffered zone of
WK32 and direction of the photograph arrowed. Google image 2020 imported as an xyz tile to QGIS.
WK32 and direction of the photograph arrowed. Google image 2020 imported as an xyz tile to QGIS.
Photograph January 2020.
Photograph January 2020.

Some agricultural differences were detected, for example, caused by changes in planting within
Examination of daily 3 m resolution imagery from PlanetScope satellites allows the specific
already-existing fields (see WK31, 35, 36, 37, 38, Figure 12). Comparing matching time periods from
periods in which the change occurred to be narrowed down (in this case between December 2018 and
different years reduces the influence of routine seasonality in cultivation on the algorithm, although
January 2020, Figure 11). Because these kinds of changes are not part of a larger-scale, planned
this should be integrated into the script by examining the standard deviation over a longer period.
construction project like ‘New Aswan’, they are harder to predict. In such cases, the value of using
Sometimes it was found that the fields had been laid out and ploughed prior to 2018, but were planted
automated remote sensing processes is clear.
during the analysis period (as Figure 12 shows). The process of constructing and finally cultivating
Some agricultural differences were detected, for example, caused by changes in planting within
a new field took a long time in the Aswan area, and a similar pattern was observed in Jufra. In areas
already-existing fields (see WK31, 35, 36, 37, 38, Figure 12). Comparing matching time periods from
where this is occurring, it can be identified at an early stage using change detection and sites could be
different years reduces the influence of routine seasonality in cultivation on the algorithm, although
recorded and potentially protected before they are further damaged/destroyed.
this should be integrated into the script by examining the standard deviation over a longer period.
Sometimes it was found that the fields had been laid out and ploughed prior to 2018, but were planted
during the analysis period (as Figure 12 shows). The process of constructing and finally cultivating a
new field took a long time in the Aswan area, and a similar pattern was observed in Jufra. In areas
where this is occurring, it can be identified at an early stage using change detection and sites could
be recorded and potentially protected before they are further damaged/destroyed.
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Figure 11. Changes including expansion of a modern cemetery and excavation of a pit (marked with
arrows) around WT1 and WT7 are verifiable remotely using PlanetScope imagery.
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3.1.3. True Negatives
3.1.3. True Negatives
For most of the sites, no changes were detected within the buffered areas, and this could be
For most of the sites, no changes were detected within the buffered areas, and this could be
confirmed by visual examination of imagery and through field visits to a sample of these sites
confirmed by visual examination of imagery and through field visits to a sample of these sites in
in January 2020. While many of these sites consisted of features relatively far from current human
January 2020. While many of these sites consisted of features relatively far from current human
activity, for example, prehistoric sites further up Wadi Kubbaniya, others were in the vicinity of
activity, for example, prehistoric sites further up Wadi Kubbaniya, others were in the vicinity of
locations where changes were detected. Therefore, monitoring should continue, with sites with recent
locations where changes were detected. Therefore, monitoring should continue, with sites with recent
changes prioritised for field validation in future seasons. The change detection workflow gives an
changes prioritised for field validation in future seasons. The change detection workflow gives an
early warning of human activities and natural processes.
early warning of human activities and natural processes.
3.1.4. False Negatives
3.1.4. False Negatives
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Figure 14. Cut-down tree and area of burning in the buffered zone at SM12 and direction of the
Figure 14. Cut-down tree and area of burning in the buffered zone at SM12 and direction of the
photograph. Google image 2020 imported as an xyz tile to QGIS. Photograph January 2020.
photograph. Google image 2020 imported as an xyz tile to QGIS. Photograph January 2020.

In one case (NT01-03, some tombs and a cluster of small stone structures) change was registered
In one case (NT01-03, some tombs and a cluster of small stone structures) change was registered
due to relatively minor changes, such as a new roof on an existing building and vehicle tracks, but within
due to relatively minor changes, such as a new roof on an existing building and vehicle tracks, but
the buffered area a more significant change was missed (Figure 15). This was because the change
within the buffered area a more significant change was missed (Figure 15). This was because the
occurred between the end of the period encompassed by the later composite (1 January 2020) and the
change occurred between the end of the period encompassed by the later composite (1 January 2020)
day of the field visit (26 January 2020), showing how fast damage to sites can occur. The changes were
and the day of the field visit (26 January 2020), showing how fast damage to sites can occur. The
changes were visible as a few brighter pixels in the PlanetScope imagery and represented the ongoing
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Figure 15. New building under construction in Nag Al-Tawil after the period of change detection
Figure 15. New building under construction in Nag Al-Tawil after the period of change detection
analysis. An area of vehicle tracks and a new roof on a building were detected. Google image 2020
analysis. An area of vehicle tracks and a new roof on a building were detected. Google image 2020
imported as an xyz tile to QGIS. Photograph 26 January 2020.
imported as an xyz tile to QGIS. Photograph 26 January 2020.

3.2. Jufra
3.2. Jufra
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distribution
mean pre-thresholded values for each buffer; some of the true positives are at the lower end because
of the mean pre-thresholded values for each buffer; some of the true positives are at the lower end
because the ‘any non zero’ parameter allows even small instances of change represented by a single
pixel to be picked up. The unaffected sites tend to have mean values below 0.1, and the false negatives
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Table 4. Error matrix of the Jufra results, with an overall accuracy of 91% (user’s accuracy 100%,
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Figure 17. Mean change values (prior to thresholding) for each buffer for the Jufra results.
Figure 17. Mean change values (prior to thresholding) for each buffer for the Jufra results.
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RemoteSens.
Sens.2020,
2020,12,
12,3694
x FOR PEER REVIEW
Remote

2121ofof2929

In some cases, the damage had already been done, and relatively insignificant changes were
In
some
cases, the damage (a
had
already abeen
insignificant
were
detected.
At EAMENA-0001544
structure),
fielddone,
whichand
hadrelatively
been fallow
since 2016 changes
was partially
detected.
At
EAMENA-0001544
(a
structure),
a
field
which
had
been
fallow
since
2016
was
partially
re-planted, and a tree cut down. An area of burning had eroded. A patch of recent discolouration at
re-planted,
and
a tree cut
down.Non-seasonal
An area of burning
eroded. A
of fields
recentand
discolouration
this site was
missed,
however.
changeshad
in planting
in patch
existing
continued
atgrowth
this siteofwas
missed,
however.
Non-seasonal
changes
in
planting
in
existing
fields
and
continued
existing palms was detected where traces of ancient agriculture and irrigation
were
growth
of
existing
palms
was
detected
where
traces
of
ancient
agriculture
and
irrigation
were
recorded (EAMENA-0001500, EAMENA-0001563, EAMENA-0001550). Soil discolouration,recorded
which
(EAMENA-0001500,
EAMENA-0001563,
discolouration,
may represent
may represent moisture
or dumping EAMENA-0001550).
was detected, but Soil
underestimated
at which
EAMENA-0001537
moisture
or dumping was detected, but underestimated at EAMENA-0001537 (foggara).
(foggara).
At
toto
thethe
north
of Hun,
some
or all
the
change
resultresult
relatedrelated
to minor
Atseveral
severalsites
sites
north
of Hun,
some
orofall
ofpositive
the positive
change
to surface
minor
moisture
These include
settlement
sites
EAMENA-0095146
(Figure 20), EAMENA-0001488
surface differences.
moisture differences.
These
include
settlement
sites EAMENA-0095146
(Figure 20),
EAMENA-0001488
and structure EAMENA-0001486.
concerning
is aofshort-lived
pool
water
and
structure EAMENA-0001486.
More concerning isMore
a short-lived
pool
water north
ofof
Waddan
of Waddan at EAMENA-0001513
and EAMENA-0001512
where
there aretown
a medieval
and
atnorth
EAMENA-0001513
and EAMENA-0001512
where there are
a medieval
and antown
outlying
an outlying structure.
rectangularThe
structure.
The water
derives
from
a wadi draining
jebelnorth-east,
to the north-east,
rectangular
water derives
from
a wadi
draining
the jebelthe
to the
and its
and is
itsdammed
flow is dammed
by the modern
road which
truncates
the of
edge
the(Figures
site (Figures
21–23).
As
flow
by the modern
road which
truncates
the edge
theofsite
21–23).
As well
as moisture
changes,
bulldozing
hadoccurred
also occurred
the changed
at EAMENAaswell
moisture
changes,
bulldozing
had also
withinwithin
the changed
area at area
EAMENA-0095146
0095146 (confirmed
in in
the2020).
field in 2020).
(confirmed
in the field

Figure
long been
been an
an issue.
issue. Photograph
Photographby
byMuftah
Muftah
Figure20.
20.Moisture
Moisturechanges
changes at
at EAMENA-0095146
EAMENA-0095146 have
have long
Al-Haddad
in
2013.
Al-Haddad in 2013.

Rubbish dumping affects several sites in Jufra, with a range of undesirable effects: Rubbish dumps
are frequently the site of fires and are often bulldozed, are subject to pollution and the impact of
multiple vehicle tracks. Although outside the buffered area of the site, an extensive dump was detected
close to the medieval town of EAMENA-0001513. A change in the colour of an existing road which
truncates an area of cairns (EAMENA-0095144) may also be due to dumping/burning of rubbish.

Remote Sens. 2020, 12, 3694
Remote Sens. 2020, 12, x FOR PEER REVIEW

Remote Sens. 2020, 12, x FOR PEER REVIEW

22 of 29
22 of 29

22 of 29

Figure
21. The
pool
of water
and
rubbishdumping
dumping at
Google
Earth
images.
Figure
21. The
pool
of water
and
rubbish
at EAMENA-0001513.
EAMENA-0001513.
Google
Earth
images.
Figure 21. The pool of water and rubbish dumping at EAMENA-0001513. Google Earth images.

Figure 22. Map of detected changed area at EAMENA-0001513. Google Earth images (top) and Google
image 2020 imported as an xyz tile to QGIS (bottom).
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Figure 22. Map of detected changed area at EAMENA-0001513. Google Earth images (top) and Google
23 of 29
image 2020 imported as an xyz tile to QGIS (bottom).
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3.2.3. True Negatives
For most of the sites, there were no changes within the buffered areas during the analysis period,
and this could be confirmed by visual examination of imagery and through field visits to a sample of
these sites. For example, the algorithm found no change at EAMENA-0001515 (a well), which was
confirmed in the field in June 2020 (Figure 24). Unfortunately, a subsequent visit in September 2020
after the analysis period found bulldozing.
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3.2.4. False Negatives
The producer’s accuracy (68%) shows that the algorithm failed to detect change at seven sites.
The most significant changes which the algorithm missed were caused by the construction of new
fields at a foggara (EAMENA-0001554) and at an area of walls/field systems which were probably

Figure
24. EAMENA-0001515, a well. Photograph by Lamin Abdulaati in June 2020.
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Figure 26. PlanetScope images. The remains of past fields and structures are delineated. The second
Figure 26. PlanetScope images. The remains of past fields and structures are delineated. The second
image shows tree planting holes appearing at the south edge of EAMENA-0001553 between 16–26
image shows tree planting holes appearing at the south edge of EAMENA-0001553 between 16–26
March 2020 (changed area marked by arrows).
March 2020 (changed area marked by arrows).

Some minor changes were too small to be identified by Sentinel-2 imagery, including single lines
of vehicle tracks at EAMENA-0001494, a colour change on the surface sand at EAMENA-0001529,
and a small extension to a building (c.6 x 6 m) at EAMENA-0001507, which was added in July 2019
and not identified by the algorithm. Part of a modern boundary wall at EAMENA-0001527 which
was bulldozed during the analysis period was also missed. Discolouration, which may result from
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Some minor changes were too small to be identified by Sentinel-2 imagery, including single lines
of vehicle tracks at EAMENA-0001494, a colour change on the surface sand at EAMENA-0001529,
and a small extension to a building (c.6 × 6 m) at EAMENA-0001507, which was added in July 2019
and not identified by the algorithm. Part of a modern boundary wall at EAMENA-0001527 which was
bulldozed during the analysis period was also missed. Discolouration, which may result from runoff,
was missed at EAMENA-0001556.
4. Discussion
With the overall accuracy of the change detection in the case studies ranging between 85 to
91%, it is clear that medium-resolution data, such as Sentinel-2, can be used to identify the threats
from modern land-use activities. When the proportions of false positives and false negatives are
examined, however, the need for continued enhancements to the workflow are apparent. For the
Aswan case study, false positives were a problem (user’s accuracy of 61%). Perhaps more significantly,
false negatives were high for Jufra (producer’s accuracy of 68%). EAMENA will continue to develop
this methodology in the next phase of its research, including introducing classification of the types of
changes, as well as focusing on improved accuracy.
The causes of the error can be evaluated. The relatively low resolution of Sentinel-2 means
some changes cannot be identified; high-resolution data, however, remains prohibitively expensive.
The possibility of using PlanetScope imagery instead, applied just to the specific area each user
is working in, should be explored. In addition, registration errors of about 10 m found between
Sentinel-2 images can limit the accuracy of a per-pixel based approach. Limiting data to a single
spacecraft and orbit does not significantly improve the co-registration error to offset the loss of data
available for the compositing. If this issue is addressed by ESA, the accuracy of our workflow should
be improved.
Experimenting with the selected threshold value for both case studies (0.2) did not lead to
improvements. The user input, in this case, is necessary, but difficult and involves some degree of
trial-and-error, especially if ground data is not available [24]. Automation of this value should be
pursued, drawing on the considerable literature on this subject from the wider field of computer
science (see Reference [31]).
Different methods for change detection could be tested. There are some disadvantages to
using a per-pixel spectral difference change detection approach, such as noise and co-registration
problems [26] (p5). Use of a moving window could minimise these problems, including the registration
error, although at the expense of significantly slowing down the script, a limitation when the script
is run in countries with slow internet, such as Libya. The layer arithmetic approach which we
are using could be further improved, for example by analysing texture as an additional unit of
change [26] (p6) or the variance across a set of images representing a date range instead of comparing
composites. Classification of the change-causing features should also be undertaken. Improved
results for object-based over pixel-based methods for detecting archaeological features have been
emphasised [7].
In addition, future analysis should be applied to polygons representing the extent of sites, rather
than point data. More detailed data of this nature are increasingly being gathered by EAMENA and
tested during our winter 2020 programme of training courses. The case studies described in this paper
are arid areas where there is little seasonal variation in vegetation; most vegetation is present as a result
of irrigation. To apply the workflow to moister parts of the EAMENA study area, it will need to be
modified to account for seasonal/cyclical changes in vegetation, for example by integrating the trends
in NDVI (Normalised Difference Vegetation Index) over as long a period as the imagery allows and
using it to mask the change layer.
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5. Conclusions
Damage to archaeology in North Africa from land-use activities, especially agricultural and urban
expansion, is already demonstrated by our earlier research [1,20]. Countless instances of damage have
been highlighted by recent publications [12,16,32], but no effective mitigation has yet resulted from this
body of research. AKAP and EAMENA are amongst the only projects focused on detecting damage to
sites of all types, not just the well-known monuments. Additionally, we combine remote sensing and
ground validation to monitor sites that are not in themselves visible in imagery, such as the many lithic
scatters in the Aswan area.
Our methodology described in the present paper combines a large dataset with an open-source,
automated workflow that avoids restrictions caused by commercial imagery and software licenses.
Most importantly, the expertise and dedication of our extensive network of partners in the MENA
region are allowing monitoring work to be applied.
Although future enhancement is necessary to improve accuracy, this initial version of our change
detection workflow highlights issues which are specific to each of the case study regions. In the
Aswan area, the planned construction of the new town is increasingly responsible for the loss of many
archaeological sites and will continue to threaten the remaining ones. In response to this, the AKAP
project is currently working with local antiquities authorities and stakeholders to establish mitigation
options, including preservation and display of the major sites located along the New Aswan riverbank,
such as the Coptic monastery (SM12) previously discussed. Localised construction and extractive work,
such as the modern cemetery at WT01, quarrying at WT07 and the buildings at NT01-03 is potentially
even more damaging, because it is not part of a long-term plan, and therefore, is unpredictable. In this
case, the antiquities’ inspector working with AKAP in 2020, Ms Nagat Amer, was able to speak to some
of the perpetrators and we were able to carry out emergency recording at these sites. We were able to
react quickly to this, due to the change detection workflow.
Although the agricultural expansion was not a significant cause of damage to sites in Aswan
in recent years, it has been the principal cause of damage to archaeological sites in Jufra. A new
field typically involves three steps that result in the systematic destruction of any archaeological
remains: Construction of an enclosing embankment c.10 m across, levelling (destroying any remaining
surface remains), and digging of holes for planting date palms (destroying any remaining subsurface
archaeology). This modern agriculture is made possible by the digging of very deep wells so it can
be used in previously barren areas and in areas that have long ago been abandoned due to changing
hydrology. These are exactly the places where we find ancient water management systems that
are of the earliest date, and it is these sites that have been disproportionally affected by modern
agricultural intensification.
The change detection algorithm identified issues in Jufra such as levelling of fields and the
laying out of pits for tree planting. Many fields had already been levelled, however, prior to the
analysis period. Small changes, such as tree cutting were also picked up. Although minor now,
this kind of change can be indicative of the early stages of more damaging land-use activities, such as
bulldozing and pit-digging, so it is important to monitor it. The potential damage caused by runoff
water was another issue identified by the change detection algorithm. This was exacerbated by modern
structures blocking the flow. It had not occurred to us previously to focus on this as a cause of damage
in the Jufra area.
Sites in both study areas had already been damaged prior to the analysis period. For example,
in Jufra, most of post-medieval Waddan and an area of foggaras to the south of Hun had been destroyed
by the 1970s. In Egypt, the construction of New Aswan has been ongoing since the start of the
twenty-first century. The city is expected to offer social housing for potentially one million residents in
the coming years, but it will also have a touristic and commercial ribbon along the Nile. The most
important archaeological sites within the city limits are located along the river, and AKAP is actively
working to have them included into the touristic circuit of the New Aswan corniche.
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In much of North Africa heritage has already suffered widespread damage, but there are still many
surviving sites which need urgent monitoring and protecting. EAMENA’s approach of combining the
work of a team of full-time image interpreters with the expertise and efforts of many archaeologists
based in the region has allowed an increasing number of sites to be located (over 170,000 and growing).
Although this allows sites to be logged, many archaeological sites are rapidly disappearing more
quickly than human archaeologists can work to regularly monitor them manually. The change detection
workflow described in this paper, therefore, offers a way of addressing this. EAMENA’s change
detection methodology allows the most at-risk sites to be identified rapidly and targeted for recording
and preservation. Because the methodology uses open-source data and tools, it can easily be used
by our network of heritage professionals who have been trained in its use and in remote sensing and
GIS more generally. We urge other heritage management projects working in the region to also adopt
open-source philosophies in the interests of democratising access to these technologies and preserving
archaeological sites.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/22/3694/s1,
change detection script.
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